Intercept-based methods of generating a point estimate of a calibrated radiocarbon date are very popular, but exhibit undesirable behaviour. They are highly sensitive to the mean of the radiocarbon date and to adjustments of the calibration curve. Other methods give more stable results. The weighted average of the probability distribution function is recommended as the best central-point estimate, but more consideration should be given to using the full probability distribution rather than a point estimate in developing agedepth models.
Introduction
For many aspects of palaeoecology, for example constructing agedepth models, it is convenient to have a single, central-point estimate of a date. For radiocarbon dates, the mean, around which the errors are normally distributed, is a suitable point estimate. However, after calibration, errors are often highly non-normal and multimodal, with non-continuous high probability elds. Palaeoecologists have used a variety of methods for generating point estimates, most frequently the intercept (Figure 1 ), where the mean of the radiocarbon date intercepts the calibration curve (also known as CALIB method A; Stuiver and Reimer, 1993) , but little consideration has been given to the statistical properties of such estimates.
A survey of all articles published during 2002 in The Holocene reporting radiocarbon dates (n = 32) found that 12 papers used radiocarbon years as the basis of their chronology, contrary to the advice of Bartlein et al. (1995) . Twelve papers used the intercept method, and one used the mid-point of the 2s range. Of the remaining papers, three avoided making a central estimate by presenting either the 1s or 2s range, and it is not clear how four papers obtained a central estimate of their calibrated dates. Of the 12 papers using the intercept method, only two explicitly stated how multiple intercepts were treated. In this paper we consider how different estimates of the central point of a calibrated radiocarbon year behave as the mean is moved, the standard deviation of an age increases, and the calibration curve is adjusted.
Eight estimates of the central point of the calibrated radiocarbon date were made.
(1) Intercept (Stuiver and Reimer, 1993) , using the mean intercept if there is more than one intercept. (2) As above but using the median intercept (e.g., Seierstad et al., 2002) . (6) Weighted average of 2s ranges using the range mid-points (extension of Bennett, 1994) . (7) Weighted average of 2s ranges using the range mode. (8) Weighted average of 2s ranges using the range intercept (mean intercept if more than one) or mid-point if no intercept in that range (Brown et al., 2002) .
Methods
OxCal3.5 (Bronk Ramsey, 1995) was used to generate probability density elds of calibrated dates, using a cubic spline interpolation of the INTCAL98 (Stuiver et al., 1998) calibration curve and a resolution of two years. Intercepts were calculated from the INTCAL98 calibration curve. All calculations were done using R (Ihaka and Gentleman, 1996) .
Results and discussion
The true calibration curve is a smooth continuous function (Gómez Portugal Aguilar et al., 2002) , although our estimate of it (Stuiver et al., 1998) has a decadal resolution and is somewhat jagged. Despite this, the probability density function of calibrated dates changes smoothly as the radiocarbon date mean is varied (compare the probability density functions of 4530 6 50 and 4540 6 50 14 C yr BP in Figure 1 ). The complex shape of the probability density function prohibits a single value summarizing it (cf. a normal distribution). Despite this caveat, it is often useful to summarize the probability distribution by a single value. All of the methods examined here (with the exception of the mode) can fall in a low-probability region in multimodal distributions, for example, after calibration the weighted average of 670 6 15 14 C yr BP has a minute probability of being the true age. There can be no test of how good a single value is. What can be examined, however, is the behaviour of the method as the radiocarbon mean, standard deviation and calibration curve are altered.
Given the reported errors on radiocarbon dates (typically 30-100 years), the dates 4530 6 50 and 4540 6 50 14 C yr BP are indistinguishable. This is re ected by the similarity of the probability density functions of each date (Figure 1) . A well-behaved central-point estimate should mimic this similarity. The weighted averages of the two probability density distributions differ by only eight years: the mean intercepts differ by 138 years. This behaviour is not limited to this pair of dates: in the period 3000-5000 14 C yr BP the difference between successive calibrated dates at 10-year intervals is greater than 50 cal. years 14 times (Figure 2) . These large differences re ect the gain and loss of intercepts as wiggles in the calibration curve are passed. The small changes in the weighted average re ect the small changes in the probability density distribution between successive dates. The median and the 95% quantile of the absolute difference between successive dates, minus the mean, for the period 3000-5000 14 C yr BP is given in Table 1 . The methods can be divided into two groups: the rst, containing the weighted average, median, and weighted average of the mid-points of the ranges, has low median differences, indicating that they are stable. A second group based on intercepts or modes has substantially higher median differences between adjacent samples. This group is sensitive to small changes of the 14 C date. The median is normally regarded as a robust statistic, so it was unexpected to nd that the mean intercept is slightly more stable than the median intercept. This behaviour can be explained by what happens when a 14 C date with a single intercept, so the mean and median are co-incident, is moved until it crosses a wiggle in the calibration curve. It will now have three intercepts; one of the two new intercepts will be the new median, but the new mean intercept will have changed less.
The magnitude of the standard deviation of a radiocarbon date on a particular sample will depend on the sample mass and counting duration (Aitken, 1990) . A low standard deviation will give a tight calibrated probability distribution (although possibly multimodal); a large standard deviation, for the same mean, will give a broader probability distribution, with a different shape. A well-behaved central-point estimate should respond to this changed shape. Methods that just use the intercept or mode give the same value whatever the standard deviation. Weighted average-and median-based methods respond to this changed distribution, but it is not possible to rank their response. Weighted average of the ranges based on their mode is very sensitive to ranges merging as the standard deviation increases. The errors reported for radiocarbon errors do not always re ect the full uncertainty attached to a date, as shown by the radiocarbon laboratory intercomparisons (Boaretto et al., 2002) . This has led to the occasional use of 'error multiplier terms'. The use of these multipliers will have no impact on intercept-based methods of estimating the central point, but the weighted average will change to re ect the changing probability distribution.
The true calibration curve is not precisely known and further updates or re nements (e.g., Gómez Portugal Aguilar et al., 2002) are likely. A well-behaved central-point estimate should change only slightly if small adjustments are made to the calibration curve. The intercept method will be highly sensitive to changes in the calibration curve as new intercepts will occur and old ones will be lost. Other methods of estimating the central point should be much less sensitive to this problem.
When radiocarbon dates are taken in sequence, for example down a core, this information can be used in the Bayesian statistical framework to reduce the uncertainty around each date (Biasi and Weldon, 1993) . After such constraints have been taken into consideration, the intercept of the radiocarbon date with the calibration curve has no relevance; it may even be outside the 95% con dence limits of the adjusted date. The mode, the year with the highest probability, may appear to be an obvious alternative, but it exhibits unstable behaviour in multimodal distributions, switching between nodes if there are small changes in the prior information. A weighted average of the probability distribution can still be made and is stable.
It is now recognized that, when radiocarbon dates are calibrated, both the wiggles in the calibration curve and the uncertainty in the radiocarbon result need to be fully accounted for. The intercept method fails to do this (Bowman and Leese, 1995) . A Bayesian methodology, as employed by most calibration programs (e.g., OxCal; Bronk Ramsey, 1995) , is required to incorporate both these issues. It would be ironic if these advanced statistical tools were only used to nd the 1s range of the date, but the intercept used for all subsequent calculations.
Conclusions
No single value can adequately describe the complex shape of a calibrated radiocarbon probability density function, and wherever possible this full distribution should be used. When a single estimate must be used, a robust estimate, such as the weighted average or median, should be used and the method speci ed. Interceptbased methods should be avoided as they are sensitive to small changes in the mean of the radiocarbon date. The large difference between the central points given by the different methods (median = 47, maximum = 200 years, testing every 10th year between 3000 and 5000 14 C yr BP, s = 50 yr) means this is not a trivial issue and has a substantial impact on the derived chronology in calibrated years.
